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RESEARCH
The endosperm of maize (Zea mays L.) kernel is a triploid tis-sue originating when a male gamete fertilizes the diploid 
central cell in a process parallel to the fertilization of the egg cell 
that gives origin to the diploid zygote. The main role of the endo-
sperm is the synthesis and accumulation of storage products to 
nurture the embryo during initial stages of germination and seed-
ling development (Costa et al., 2004). Reserves in the endosperm 
accumulate in the form of lipids, carbohydrates, and proteins. 
The structure and content of the endosperm aff ects traits targeted 
for genetic improvement such as grain yield (Vyn and Tollenaar, 
1998), grain quality (Mazur et al., 1999), ethanol yield (Bothast 
and Schlicher, 2005), suitability for food processing (Paulsen and 
Hill, 1985), ruminal digestibility (Corona et al., 2006), and toler-
ance to mycotoxin accumulation (Bhatnagar et al., 2003).
Protein constitutes <10% of the kernel, while starch accounts for 
about 70%. In normal maize, 50 to 70% of the endosperm proteins 
are of the prolamin type (zeins). Zein proteins are often classifi ed by 
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ABSTRACT
The defi cient protein quality of corn (Zea mays 
L.) grain can be improved by replacing normal 
Opaque2 (O2) alleles with nonfunctional mutant 
o2 alleles. Unfortunately, o2 alleles are associ-
ated with soft endosperm texture, poor yield, 
and susceptibility to diseases and insects. Plant 
breeders have been able to restore a desirable 
ratio of hard to soft endosperm in o2 germplasm. 
These modifi ed genotypes are known as Quality 
Protein Maize (QPM). Neither the mechanism nor 
the genetic components controlling endosperm 
modifi cation in QPM lines are well understood. 
Using a population of recombinant inbred lines, 
derived from a cross between an o2 line and a 
QPM line, and a novel evaluation method for 
endosperm modifi cation, quantitative trait loci 
(QTL) were mapped for traits related to the modi-
fi cation of endosperm texture and the content 
of the essential amino acids lysine, tryptophan, 
and methionine. Quantitative trait loci clusters for 
endosperm texture traits were detected on chro-
mosomes 3, 5, 6, and 8, together accounting for 
62 to 68% of the observed variation. For traits 
related to amino acid contents, QTL clusters were 
located on chromosomes 7 and 8, explaining up 
to 39% of the observed variation. The elucidation 
of the genetic mechanisms of the modifi cation of 
o2 endosperm and essential amino acid contents 
provides valuable information and important tools 
to plant breeders and plant scientists interested 
in improving the quality of cereal grains.
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diff erential solubility and mobility through gels as α-zein, 
β-zein, δ-zein, and γ-zein (Coleman et al., 1997). Zeins 
accumulate in subcellular compartments, derived from the 
endoplasmic reticulum, known as protein bodies (Lending 
and Larkins, 1989). The zein fraction is particularly defi cient 
in the essential amino acids lysine and tryptophan. The high 
proportion of zeins in the endosperm, which results in a lack 
of lysine and tryptophan, is the primary reason for the poor 
protein quality of maize (Vasal, 2000).
Several genes aff ecting the composition and structure 
of the maize endosperm have been identifi ed, of which 
Opaque2 (O2) is one of the most extensively studied. Mertz 
et al. (1964) concluded that maize genotypes homozygous 
for the mutant allele o2 had a considerably higher content 
of lysine and tryptophan in the grain when compared with 
wild-type genotypes. After this discovery, corn breeders 
started to introgress o2 alleles into diff erent germplasm, try-
ing to improve nutritional quality, but undesirable traits were 
associated with this introgression. In particular, o2 genotypes 
had soft kernels that were prone to mechanical damage, yield 
reductions of 8 to 15% relative to O2 plants, and greater sus-
ceptibility to fungi and insect damage (Lambert et al., 1969).
The O2 gene encodes a leucine-zipper class transcrip-
tion factor (Schmidt et al., 1990) required for effi  cient tran-
scription of a group of α-zeins. It also infl uences expression 
of other genes such as b-32 (a Type I ribosome inactivating 
protein) and CyPpdk1 (a cytosolic pyruvate orthophosphate 
dikinase) (Bass et al., 1992; Maddaloni et al., 1996). The soft 
endosperm texture of o2 germplasm is associated with the 
reduction in the proportion of α-zein proteins (Huang et al., 
2004). It has been postulated that the absence of specifi c zeins 
in o2 genotypes causes the formation of smaller protein bod-
ies and therefore alters the packing of the starch fraction dur-
ing seed desiccation, resulting in abnormally soft endosperm 
(Schmidt et al., 1990). However, the endosperm of o2 maize 
can be restored to resemble normal endosperm by the activity 
of modifi er genes (Vasal, 1971). Modifi ed o2 genotypes with 
hard endosperm developed at the International Maize and 
Wheat Improvement Center (CIMMYT) are called Qual-
ity Protein Maize (QPM) (Vasal, 2000). In general, QPM 
genotypes retain higher levels of lysine and tryptophan than 
normal maize materials (Ortega and Bates, 1983).
Several studies have aimed to identify the genetic 
mechanisms responsible for the endosperm modifi cation 
and grain quality in QPM maize. Lopes et al. (1995), using 
bulked segregant analysis (BSA) in populations developed 
from o2 and modifi ed varieties, found two loci associ-
ated with the modifi cation of endosperm on chromosome 
7. Holding et al. (2008) used BSA of two F2 populations 
derived from QPM crossed to o2-detected markers linked 
to modifi er loci on chromosomes 6, 7, and 9. In addition, 
a single-kernel and single-marker quantitative trait locus 
(QTL) analysis in one of these populations identifi ed major 
QTLs on chromosomes 7 and 9 (Holding et al., 2008).
Based on these and other studies, it has been suggested 
that the γ-zein and its regulation are involved in the mod-
ifi cation of o2 endosperm (Burnett and Larkins, 1999). 
The 27-kDa γ-zein seems to be involved in the develop-
ment of protein bodies and in the formation of a protein 
network that surrounds starch grains in vitreous endo-
sperm (Dannenhoff er et al., 1995). In addition, diff erences 
in the branching pattern of starch and polypeptide levels 
of starch biosynthesis enzymes have been associated with 
modifi ed phenotypes (Gibbon et al., 2003).
Quality Protein Maize genotypes have been intro-
duced into production systems in several tropical and sub-
tropical countries, where their nutritional advantages have 
been acknowledged. Nevertheless, there are major chal-
lenges to developing and using QPM germplasm, including 
the unknown number of modifi er genes required to restore 
the desired hard-to-soft endosperm ratio, the need to eval-
uate grain quality during the breeding process, and genetic 
background eff ects (Belousov, 1987; Ciceri et al., 2000; 
Huang et al., 2004). Molecular marker-aided breeding has 
been used previously to convert normal lines into QPM 
lines (Babu et al., 2005); however, using markers for endo-
sperm hardness and amino acid content along with O2-spe-
cifi c markers could signifi cantly enhance the effi  ciency and 
reduce the cost of QPM breeding. Characterization of the 
genes involved in the modifi cation of QPM genotypes will 
also provide valuable information for understanding the 
genetic basis of endosperm composition. The objective of 
this work was to identify QTLs for traits associated with 
the modifi cation of endosperm in QPM maize, including 
endosperm texture and amino acid content. This study dif-
fered from all previous ones by using replicated data from 
a population of recombinant inbred lines (RILs) developed 
from the cross of an o2 line with soft endosperm and a QPM 
line with harder endosperm evaluated in several locations 
and with a novel quantitative method, therefore increasing 
the precision and the power of the analysis.
MATERIALS AND METHODS
Plant Material
Details of the development of the population of RILs and the 
experimental design were reported by Gutierrez-Rojas et al. 
(2008). A population of RILs was derived from a cross between 
B73o2 and CML161. CML161 is a tropical-lowland inbred clas-
sifi ed as QPM and released by CIMMYT. B73o2 is an opaque2 
conversion of B73, an Iowa Stiff  Stalk inbred. A group of 146 RILs 
were used for fi eld trials (S5, S6, and S7 generations), and geno-
typic analysis (S6 generation). The 146 RILs, the parental inbreds, 
and the reference inbred B73 were screened for the presence of 
a mutant allele o2 using the O2 gene-specifi c simple sequence 
repeat (SSR) markers phi057, phi112, and umc1066. Three RILs 
were removed from the analysis after showing unexpected frag-
ment sizes for these markers. Additional sequencing and expression 
analysis corroborated the presence of a copy of the same o2 allele in 
both B73o2 and CML161 (Cruz-Vela et al., 2007).
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Statistical Analysis
Analysis of variance, phenotypic, and genetic correlations 
among the traits, and heritability estimates were reported by 
Gutierrez-Rojas et al. (2008). For the analysis of QTL, geno-
type least square means were estimated for each environment 
for each trait, and the best linear unbiased prediction (BLUP) 
procedure was used to predict the eff ects of each RIL across 
environments using univariate mixed-model analysis in PROC 
MIXED of SAS 9.1 (SAS Institute, 2003).
Principal Components Analysis
Principal components analysis was implemented separately for 
the endosperm texture traits and amino acid composition traits 
using the correlation coeffi  cients in JMP version 7 (SAS Institute, 
2007). Principal components (PCs) of correlated traits were used 
as quantitative traits in QTL mapping. Each PC is an uncorre-
lated linear combination of the original traits. The fi rst PC (PC1) 
accounts for the greatest variance, and each of the subsequent 
PCs are uncorrelated combinations that explain less variation.
Quantitative Trait Loci Analysis
Analysis of QTLs was conducted with Windows QTL Cartogra-
pher version 2.5 (Bioinformatics Research Ctr., North Carolina 
State Univ., Raleigh, NC) for each trait using least square means 
calculated for each environment, BLUPs estimated across envi-
ronments, or PCs of multiple traits. Composite interval map-
ping (CIM) was implemented using the forward and backward 
regression method (probability in = 0.1, probability out = 0.1), 
5-cM window size, and 1-cM walk speed. Signifi cance thresh-
olds for the logarithm of the odds (LOD) scores corresponding to 
a Type I error rate of 5 and 10% were determined by permutation 
tests (n = 1000 permutations) (Churchill and Doerge, 1994). Sig-
nifi cant QTLs detected by CIM were incorporated in multiple 
interval mapping (MIM) models to estimate their eff ects and to 
investigate possible QTL × QTL interactions or epistasis. Mul-
tiple interval mapping allows simultaneous analysis of all putative 
QTLs and the inclusion of epistatic interactions.
RESULTS
The statistical analysis of the traits, phenotypic and geno-
typic correlations, and heritability estimates have been 
reported elsewhere (Gutierrez-Rojas et al., 2008). A sum-
mary table with mean phenotypic values and heritability 
estimates is shown in Table 1. The length of the link-
age map constructed was 1798.1 cM, the mean marker 
interval distance was 10.05 cM, and 90% of the marker 
intervals were <20 cM (Fig. 1). The order of the loci in 
the linkage map was consistent with the consensus map of 
maize IBM2 2005 (Schaeff er et al., 2006).
Endosperm Texture Modiﬁ cation
Given the contrasting diff erences between the two parental 
inbreds, CML 161 (modifi ed QPM endosperm) and B73o2 
(opaque, non-QPM endosperm), the amount of variation 
observed was high for all measured traits. High heritabil-
ity estimates (H entry-mean basis = 0.83–0.90) were calcu-
lated for the three measurements of endosperm modifi cation 
Field Design
The population of RILs was evaluated in two Texas locations 
during 3 yr from 2004 to 2006, producing fi ve environments: 
WE04 (Weslaco in 2004, one replication); WE05 (Weslaco in 
2005, three replications); CS05 (College Station in 2005, two 
replications); CS06A (College Station in 2006 fi rst planting, two 
replications); and CS06B (College Station in 2006 second plant-
ing, two replications). A randomized complete block design was 
used in all environments. Trials received common management 
practices according to each research station. At least 10 plants 
plot−1 were self-pollinated. All plots were manually harvested.
Endosperm Texture Modiﬁ cation
The endosperm modifi cation of the RILs was evaluated with three 
diff erent measurements, endosperm texture (TEXT), opacity 
(OPAC), and vitreousness (VITR), which are associated with the 
extent of modifi cation of the o2 endosperm. TEXT was based on 
a visual rating from 1 (modifi ed = fl int-type round crown kernel 
and vitreous appearance) to 5 (opaque = dent-type kernels with 
very high proportion of fl oury endosperm) with increments of 0.5. 
A value of TEXT was assigned to self-pollinated ears that were 
harvested from each plot. OPAC was scored in a light box using a 
scale of 1 (modifi ed = light passes through the whole kernel) to 5 
(opaque = no light transmission due to completely opaque kernels) 
(Bjarnason and Vasal, 1992). An image analysis–based method was 
adapted to measure VITR (Leyva-Ovalle et al., 2002). Eight-bit 
black-and-white images were obtained by scanning longitudinally 
dissected kernels in a tabletop scanner (Hewlett-Packard ScanJet 
3970, Palo Alto, CA). The negative of the image was used to esti-
mate the area of soft (black) and hard (white) endosperm using the 
pixel counting option of the UTHSCSA Image Tool 3.0 software 
(Wilcox et al., 2002). VITR was defi ned as the percentage of the 
area of hard endosperm to the total endosperm area.
Amino Acid Composition
Tryptophan, methionine, and lysine were quantifi ed using a micro-
biological method based on E. coli strains auxotrophic for trypto-
phan, methionine, or lysine as described by Scott et al. (2004). In 
this method, ground grain is extracted and proteins are enzymati-
cally hydrolyzed in an acidic solution so both free and bound amino 
acids contribute to the measurement. Kernels from bulked ears 
from each plot were ground and measured in triplicate. The con-
centration of methionine, tryptophan, or lysine in each analysis was 
calculated using linear regression onto a standard curve developed 
using known amounts of pure amino acid standards.
Genotyping and Linkage Map
DNA was isolated from hypocotyl tissue obtained in bulk from 
10 seedlings per RIL using a CTAB/sorbitol extraction buff er. 
Simple sequence repeat markers were selected from the Maize 
Genetics and Genomics Database (Lawrence et al., 2007) based 
on consensus map location. Simple sequence repeat markers 
were amplifi ed by polymerase chain reaction and separated by 
electrophoresis in 4% (w/v) Super Fine Resolution agarose gels 
(Amresco, Solon, OH) using standard protocols. A linkage map 
was constructed in MapMaker/EXP 3.0b (Whitehead Inst. for 
Biomedical Research, Cambridge, MA) using a set of 180 SSR 
markers. The Kosambi’s mapping function was used to transform 
recombination frequencies into map distances in centimorgans.
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(Gutierrez-Rojas et al., 2008). Quantitative trait loci for the 
three traits on chromosomes 1, 3, 4, 5, 6, 8, and 10 were 
detected with CIM analysis (Fig. 1 and Table 2). For TEXT, 
nine QTLs showed signifi cant LOD scores across all envi-
ronments. These QTLs together explained 76.9% of the 
phenotypic variation (Fig. 1 and Table 2). For the QTLs in 
bins 3.02 (phi374119), 3.05 (umc1539), 3.07 (Txp196L), 5.05 
(umc2026), 8.05 (umc1562), and 10.06 (umc1061), the allele 
increasing modifi cation was from the QPM parent. For 
QTLs in bins 1.06 (umc1035) and 6.06 (umc2170), the allele 
that decreased the proportion of opaque endosperm derived 
from B73o2. The QTL in bin 6.06 near to the marker 
umc2170 explained 23.1% of the phenotypic variation, and 
the QTL in bin 8.05 near to umc1562 explained 19.5%.
The trait OPAC was based on the observation that 
opaque kernels transmitted less light than the modifi ed ker-
nels. The CIM analysis detected six signifi cant QTLs for 
OPAC (Fig. 1 and Table 2). These QTLs explained 62.5% 
of the observed variation. The alleles that decreased opacity 
in the QTLs in bins 3.02 (phi374119), 3.05 (umc1539), 3.06 
(phi102228), 5.05 (umc2111), and 8.05 (bnlg1599), were 
derived from the QPM parent and the allele that decreased 
the proportion of opaque endosperm at the QTL in bin 6.06 
(umc1912) was derived from B73o2. The QTL explaining 
a higher percentage of variation was mapped in bin 8.05 
(bnlg1599), accounting for 17.3% of the variation. The inter-
action that explained the largest amount of observed varia-
tion was between the QTLs in bins 1.00 and 6.06 with 3.8%.
The VITR was measured through analysis of digital 
images of dissected endosperms, a process that allowed a 
quantitative measure of the areas corresponding to soft and 
hard endosperm in representative kernels of each RIL. The 
CIM analysis detected seven signifi cant QTLs for VITR 
(Fig. 1 and Table 2). These QTLs explained 71.9% of the 
observed variation. For the QTLs in bins 3.02 (phi374121), 
3.05 (umc1539), 4.06 (umc2027), 5.05 (bnlg1237), and 8.05 
(bnlg1599), the alleles that increased the proportion of hard 
endosperm were derived from the QPM parent. The alleles 
that increased the proportion of hard endosperm in QTLs in 
bins 1.11 (phi064) and 6.06 (umc2170) were derived from the 
non-QPM parent. The main QTL for this trait was in bin 
6.06 (umc2170), explaining 27.5% of the observed variation.
The fi rst two PCs accounted for 95% (PC1 = 87.8% and 
PC2 = 7.2%) of the variation in the three endosperm texture 
traits. Quantitative trait locus mapping of PC1 identifi ed fi ve 
major QTLs (Fig. 1 and Table 2). These fi ve QTLs corre-
spond to QTL clusters, or “hot spot,” regions where CIM 
analysis detected QTLs for all three traits. There was a QTL 
cluster on chromosome 3S (bins 3.03–3.04); on chromosome 
3L (bins 3.05–3.08); on chromosome 5L (bins 5.04–5.05); 
on chromosome 6L (bins 6.06–6.07), with one well-defi ned 
QTL peak for which the allele that contributes to texture 
modifi cation came consistently from the non-QPM parent 
B73o2; and on chromosome 8L (bins 8.05–8.06).
Amino Acid Content
The parental lines showed signifi cant diff erences for the rela-
tive content of the essential amino acids lysine, tryptophan, 
and methionine. B73o2 showed higher levels than the QPM 
parent for all three amino acids (Gutierrez-Rojas et al., 2008). 
Across environments there were three signifi cant QTLs for 
lysine, representing 32.9% of the observed variation (Fig. 1 
and Table 3). The main QTL was found in bin 8.03 near the 
marker bnlg1863, explained 14.8% of the variation, had the 
favorable allele derived from the non-QPM parent. Interest-
ingly, the alleles that increased the content of lysine in the 
QTLs in bins 1.06 (umc1035) and 5.06 (phi087) were from 
the QPM parent. The percentage of the observed variation 
explained by these QTLs was 12 and 6.1%, respectively.
Six QTLs were identifi ed for tryptophan content (Fig. 
1 and Table 3), that explained 49.1% of the observed varia-
tion. The alleles that increased tryptophan content of QTLs 
in bins 6.04 (umc1014), 7.02 (umc2142), 8.02 (umc1304), 
8.04 (umc1460), and 10.04 (umc1678) were from the non-
QPM parent. For the QTL in bin 5.07 (bnlg118), the allele 
that increased the content of tryptophan was derived from 
the QPM parent. The more signifi cant QTL was the one 
in bin 10.04 (umc1678) explaining 16.4% of the variation. 
The interaction between the QTLs in bins 3.03 and 5.06 
explained 5.6% of the observed variation.
Four QTLs were identifi ed for methionine content 
(Fig. 1 and Table 3). These QTLs together explained 57.3% 
of the observed variation. In all the QTLs (bins 2.08, 5.03, 
7.02, and 8.02), the favorable alleles that increased the 
Table 1. Summary table for maize phenotypic values, heritability (Herit.) estimates, and standard error estimates for B73o2, 
CML161, and the recombinant inbred lines (RILs).
Trait† Units
Parental inbreds RILs
B73o2 CML161 Mean SE Range Lowest value RIL Highest value RIL Herit. entry mean SE (herit.)
TEXT Score 1–5 4.66 1.74 3.23 0.06 1.87–4.72 RIL144 RIL63 0.9 0.014
OPAC Score 1–5 4.92 1.75 3.59 0.07 1.84–4.87 RIL37 RIL63, RIL186 0.92 0.107
VITR % hard/total area 9.97 46.54 29.45 0.80 9.51–51.42 RIL63 RIL92 0.83 0.030
Lys Rel.‡ units 0.10 0.09 0.09 0.00 0.08–0.11 RIL48 RIL89 0.75 0.034
Trp Rel. units 0.20 0.14 0.17 0.00 0.14–0.20 RIL82, RIL282 RIL89 0.80 0.027
Met Rel. units 0.13 0.10 0.11 0.00 0.10–0.13 RIL5 RIL221 0.71 0.040
†TEXT, texture; OPAC, opacity; VITR, vitreousness; Lys, lysine; Trp, tryptophan; Met, methionine.
‡Rel., relative.
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content of methionine came from B73o2. The QTL in bin 
7.02 (umc2142) explained 20.7% of the observed variation.
The fi rst two PCs accounted for 90% (PC1 = 73.9% 
and PC2 = 15.9%) of the variation in the three amino acid 
content traits. Quantitative trait locus mapping for PC1 
identifi ed two major QTLs (Fig. 1 and Table 3). These two 
QTLs co-localized with clusters of QTLs detected for at 
least two of the three amino acid–related traits. There was 
a QTL cluster on chromosome 7L (bin 7.02–7.03), which 
contains QTLs for methionine and tryptophan. There 
was a second QTL cluster in chromosome arm 8S (bins 
8.02–8.04), which contains QTLs for all three amino acids. 
In both cases the favorable allele was derived from B73o2.
DISCUSSION
Several of the eff orts to improve the nutritional value of 
maize take advantage of the eff ect of o2 mutant alleles in 
reducing the proportion of the low-quality zeins in the 
endosperm. The genetic background of the o2 genotypes 
must be carefully selected to ensure the presence of modi-
fi er loci that overcome the undesirable eff ects caused by the 
o2 allele. The genetic mechanisms behind the modifi cation 
Figure 1. Quantitative trait loci (QTLs) detected with composite interval mapping analysis for traits related with maize endosperm texture 
modiﬁ cation (texture, opacity, vitreousness, and principal component 1 [PC1]), amino acid contents (lysine, tryptophan, methionine, and 
PC1) in a population of recombinant inbred lines derived from the cross between maize lines CML161 and B73o2 evaluated in Texas 
during 2004 to 2006. Arrows indicate the direction of B73o2  allele phenotypic effect (up, increasing; down, decreasing). The length of 
the QTL boxes depicts the 1-LOD (logarithm of the odds) support interval.
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of the endosperm are complex and involve additive, dom-
inant, and recessive gene action, as well as paternal (i.e., 
xenia) and maternal cytoplasm eff ects (Lopes and Larkins, 
1995; Vasal et al., 1980; Wessel-Beaver and Lambert, 1982).
One of the key steps for understanding the genetic 
mechanisms of endosperm modifi cation is to locate and 
identify the genes involved. Previous studies have aimed 
to map the location of the modifi er genes of o2. Lopes et 
al. (1995) used BSA of opaque and modifi ed F2 individuals 
selected from two populations visually scored for opac-
ity. They reported one marker (npi277, bin 7.01–7.02), 
that was linked to kernel modifi cation in one population 
and another (umc35, bin 7.05) linked to modifi cation in 
the second population. Holding et al. (2008) also using 
BSA of visually selected individuals from two F2 popula-
tions derived from crosses of QPM by o2 reported mark-
ers linked to modifi er loci in bins 7.02, 9.03, 9.04, and 
9.05; and in bins 6.03, 6.04, 6.05, and 7.02 in the fi rst and 
second population, respectively. They also reported two 
major QTLs in bins 7.02 and 9.04 to 9.05 through single-
marker analysis and single-kernel phenotyping of kernels 
from an F2 ear of one of these populations.
In this work, we have identifi ed fi ve major QTL 
clusters on chromosomes 3S, 3L, 5L, 6L, and 8L control-
ling traits related to endosperm texture modifi cation in a 
multienvironment experimental design that included data 
from two locations and 3 yr. The percentage of the phe-
notypic variation explained by the QTL clusters together 
ranged between 57 and 68% depending on the trait. Each 
trait corresponded to a diff erent approach to measuring 
the variation present among the RILs. Common QTLs 
were expected for these traits due to the high pheno-
typic (r = 0.66–0.78) and genetic correlations (r = 0.81–1) 
between them (Gutierrez-Rojas et al., 2008). The identi-
fi cation of QTL clusters was confi rmed by QTL mapping 
of the largest PC, which explained 87.8% of the variation.
With the exception of the reported QTL on 6L, there 
were no QTLs in common between this and all previous 
studies. This can be explained by diff erences in the genetic 
background of the populations, by sampling eff ects associ-
ated with QTL mapping in populations of limited size (Bea-
vis, 1998), and by diff erences in the methods for measuring 
the phenotype and analyzing the data. Nevertheless, the use 
of a population of RILs, with homozygous triploid endo-
sperm genome, off ers several advantages over other experi-
mental populations (e.g., F2) used to map modifi er genes 
in the past (Knapp and Bridges, 1990). In a population of 
RILs, no dominance eff ects are expected, and the additional 
rounds of recombination in the development of the lines 
generates a higher map resolution of the detected QTLs 
(Lee et al., 2002). In addition, by using RILs we were able 
to evaluate the population in six environments with repli-
cates, which allowed us to estimate least square means and 
BLUPs to exert control over the nongenetic variation. The 
use of diff erent methodologies to evaluate endosperm modi-
fi cation and the application of principal component analysis 
to analyze correlated traits allowed us to avoid confounding 
eff ects caused by the observer (in the case of visual scores) or 
the measurement technique, and to gain precision in quan-
tifying the variation in endosperm modifi cation. Finally, we 
also confi rmed that both the o2 and the QPM inbred lines 
were carrying a copy of the same o2 mutant allele (Cruz-
Vela et al., 2007), so the potential eff ects of more than one o2 
allele segregating in the population were eliminated.
Our results agree with previous work that has sug-
gested that the modifi cation of o2 endosperm is quantitative 
Table 2. Quantitative trait loci (QTLs) identiﬁ ed by composite 
interval mapping (CIM) analysis across environments for the 
traits related to maize endosperm texture modiﬁ cation: tex-
ture (TEXT), opacity (OPAC), vitrousness (VITR), and princi-
pal component 1 (PC1) for endosperm texture. QTL peaks or 
chromosome position with the highest logarithm of the odds 
(LOD) value, closest marker to the peak, and the bin of the 









1.06 umc1035 132.81 123–137 5.00* −0.11 5.1
TEXT 3.02 phi374119 52.6 49–57 5.18* 0.17 7.8
3.05 umc1539 93.28 85–103 3.91* 0.09 5.2
3.07 Txp196L 124.25 113–129 2.60 0.08 4.8
5.05 umc2026 143.92 133–153 3.90* 0.15 8.2
6.06 umc2170 115.03 106–121 8.84* −0.30 23.1
8.05 umc1562 70.06 69–71 10.62* 0.25 19.5
10.06 umc1061 81 73–93 2.50† 0.09 3.8
3.02 phi374120 52.6 48–59 2.88† 0.18 5.7
OPAC 3.05 umc1539 98.28 90–105 5.50* 0.21 12.1
3.06 phi102228 113.78 111–119 2.90† 0.12 6.2
5.05 umc2111 136.42 130–150 3.66* 0.20 7.8
6.06 umc1912 107.12 102–119 7.93* −0.26 13.4
8.05 bnlg1599 74.2 66–78 6.04* 0.27 17.3
1.11 phi064 261.38 256–261 2.81† 1.78 0.6
VITR 3.02 phi374121 53.6 50–57 4.97* −2.84 9.3
3.05 umc1539 98.28 86–106 2.87† −2.54 11.6
4.06 umc2027 94.38 82–102 3.05† −1.93 3.7
5.05 bnlg1237 161.97 157–172 4.49* −2.33 7.8
6.06 umc2170 113.03 108–118 6.35* 4.55 27.5
8.05 bnlg1599 71.2 70–76 5.82* −2.73 11.4
PC1 3.02 phi374118 52.6 50–57 4.85* 0.49 7.8
3.05 umc1539 96.28 85–104 4.46* 0.41 9.9
5.05 umc2026 144.92 138–151 5.87* 0.63 15.3
6.06 umc2170 114.03 106–120 7.80* −0.80 23.1
8.05 umc1562 70.06 68–75 10.34* 0.73 21.4
*QTLs with LOD value above the threshold obtained after 1000 permutations for a 
signiﬁ cance level = 0.05.
†QTLs with LOD value above the threshold obtained after 1000 permutations for a 
signiﬁ cance level = 0.1.
‡The QTL support interval corresponded to an interval on either side of the QTL 
peak that corresponded to a decrease of 1 LOD from the maximum LOD score.
§The QTL effect of the allele derived from B73o2.
¶Percentage of the phenotypic variance explained by the QTL estimated by creating 
a multiple interval mapping model with signiﬁ cant QTLs detected by CIM.
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with polygenic control (Wessel-Beaver and Lambert, 1982). 
In four of the QTL clusters the source of the modifi er allele, 
which increased the proportion of hard endosperm, was 
the QPM parent as expected. In the QTL on chromosome 
6L, the favorable allele originated from the non-QPM par-
ent. It is possible that B73 contains alleles that increase the 
proportion of hard endosperm, but once the o2 recessive 
allele is introgressed, the eff ect of these genes is masked. 
Some endosperm-related genes mapped to this chromo-
some region are starch synthase IIa (ssIIa) or Sugary2 (Su2) 
(bin ~6.04), Opaque-14 (O14) (bin ~6.04), and Pyruvate 
orthophosphate dikinase1 (cyPpdk1) (bin 6.05) (Lawrence et 
al., 2007). Among these genes, special attention has been 
recently given to CyPpdk1. CyPpdk1 encodes pyruvate 
orthophosphate dikinase, a protein involved in the control 
of starch–protein balance in the maize kernel and with an 
epistatic relationship with O2 (Prioul et al., 2008).
In o2 genotypes the content of the limiting amino 
acids lysine and trypthopan are increased, together with 
histidine, aspartate, asparagine, and glycine. On the con-
trary, glutamate, glutamine, alanine, and leucine contents 
tend to decrease, whereas methionine levels seem to vary 
independently (Glover and Mertz, 1987). Contradictory 
reports have described positive (Bantte and Prasanna, 
2004), negative (Robutti et al., 1974), or insignifi cant cor-
relations (Pixley and Bjarnason, 2002) between the level 
of endosperm modifi cation and amino acid content. The 
eff ects of the endosperm texture modifi cation on protein 
quality seem to be greatly aff ected by the genetic back-
ground (Bantte and Prasanna, 2004). In general, modi-
fi ed o2 endosperms have a lower proportion of lysine than 
unmodifi ed o2 endosperms, but the increase in protein 
content compensates the loss (Robutti et al., 1974). Modi-
fi ed o2 genotypes have been found having more trypto-
phan and less methionine than normal inbreds (Scott et 
al., 2004; Bantte and Prasanna, 2004). Lysine and methi-
onine are synthesized in the same metabolic pathway, 
having aspartate as their common precursor (Azevedo 
et al., 2006). Tryptophan is synthesized from chorismate 
in a pathway that also provides precursors for important 
secondary metabolites like hormones and phytoalexins 
(Radwanski and Last, 1995). Though the metabolic path-
ways for the biosynthesis of these amino acids are well 
understood (Azevedo et al., 2006), literature regarding 
the elucidation of genetic control of variation of amino 
acid contents in maize is scarce. Wang and Larkins (2001) 
detected QTLs on chromosomes 2L, 2S, 3S, and 7L con-
trolling free amino acid (FAA) contents in an F2 popula-
tion derived from two o2 lines diff ering in FAA contents. 
Later, Wang et al. (2007) used QTL mapping models that 
take into account the triploid nature of the endosperm 
and found 11 QTLs in all 10 chromosomes for FAA con-
tents in the same population. Further research has shown 
that Ask2, one of two aspartate kinases cloned in maize, is 
tightly linked to the QTL on chromosome 2L that aff ects 
FAA content (Wang et al., 2007). In this study, we found 
signifi cant diff erences between the inbred parents B73o2 
and CML161 for lysine, tryptophan, and methionine con-
tent, with the o2-modifi ed QPM inbred being inferior for 
all three amino acids. Heritability estimates for the con-
tent of these three amino acids were high (Hmean basis = 
0.71–0.80) (Gutierrez-Rojas et al., 2008); consequently, 
QTLs for the contents of lysine, tryptophan, and methi-
onine were detected in the population of RILs. Quan-
titative trait locus mapping of the largest PC explaining 
73.9% of the phenotypic variation for lysine, tryptophan, 
and methionine identifi ed two QTL clusters on chromo-
somes 7L and 8S. This last QTL cluster on 8S explained 
variation of the levels of lysine, tryptophan, and methio-
nine, and because these three amino acids are synthesized 
by two diff erent pathways, it is possible that these QTLs 
control total protein content. A QTL for grain protein 
content was identifi ed at a similar position in a previous 
study (Melchinger et al., 1998). Other QTLs with major 
eff ects were mapped on several other chromosomes, with 
favorable alleles increasing the amount of amino acids in 
the endosperm derived from both parents.
Table 3. Quantitative trait loci (QTLs) identiﬁ ed by composite 
interval mapping (CIM) analysis across environments for the 
content of amino acids lysine (Lys), tryptophan (Trp), methio-
nine (Met), and principal component 1 (PC1) for amino acid 
content. QTL peaks or chromosome position with the high-
est logarithm of the odds (LOD) value, closest marker to the 
peak, and the bin of the marker according to the consensus 











1.06 umc1035 133.81 129–144 3.33* −1.53 12.0
Lys 5.06 phi087 168.22 150–171 4.27* −1.07 6.1
8.03 bnlg1863 38.14 32–47 6.51* 1.60 14.8
5.07 bnlg118 211.17 197–211 2.98† −0.28 5.0
Trp 6.04 umc1014 50.7 36–57 2.20 0.27 4.7
7.02 umc2142 74.2 65–78 3.86* 0.31 7.9
8.02 umc1304 33.59 29–39 5.45* 0.31 9.5
8.04 umc1460 59.57 52–71 4.16* 0.23 5.6
10.04 umc1678 52.57 45–56 5.85* 0.51 16.4
2.08 umc1516 174.69 168–182 3.82* 1.99 9.4
Met 5.03 bnlg1046 67.32 60–76 3.76* 2.04 8.9
7.02 umc2142 67.2 63–70 8.91* 2.46 20.7
8.02 umc1304 32.59 27–38 5.07* 2.44 18.3
PC1 7.02 umc1480 66.27 62–73 5.48* 0.47 12.0
8.02 umc1304 34.59 28–39 6.20* 0.65 21.2
*QTLs with LOD value above the threshold obtained after 1000 permutations for a 
signiﬁ cance level = 0.05.
†QTLs with LOD value above the threshold obtained after 1000 permutations for a 
signiﬁ cance level = 0.1.
‡The QTL support interval corresponded to an interval on either side of the QTL 
peak that corresponded to a decrease of 1 LOD from the maximum LOD score.
§The QTL effect of the allele derived from B73o2.
¶Percentage of the phenotypic variance explained by the QTL estimated by creating 
a multiple interval mapping model with signiﬁ cant QTLs detected by CIM.
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Possible candidates for genes controlling amino acid 
levels are those involved in the biosynthetic pathways of the 
amino acids studied. For example, four QTLs controlling 
methionine content were identifi ed. Those in bins 2.08 and 
5.03 map close to the positions of bacterial artifi cial chro-
mosome (BAC) contigs (2.05 and 5.02) that were detected 
by hybridization using a probe corresponding to methio-
nine synthase (Lawrence et al., 2007). Similarly, an overgo 
probe containing a putative anthranilate synthase gene 
hybridized to BACs in bin 10.04, co-localizing with the 
QTL explaining the most phenotypic variation for lysine, 
tryptophan, and methionine in our study (Lawrence et al., 
2007). The QTL cluster identifi ed in bin 7.02 for trypto-
phan, methionine, and PC1 is mapped close to the position 
of the o2 gene; however, based on sequence and expres-
sion data o2 should not be segregating in this population, 
so it is unlikely that contributes to these QTLs. Potential 
candidates are an aspartate kinase and a 27-kDa γ-zein 
gene found in this region. Aspartate kinase is a key enzyme 
in the methionine biosynthetic pathway and the 27-kDa 
γ-zein is the single most abundant zein polypeptide.
It was of interest to us to examine if QTLs for endosperm 
texture modifi cation and amino acid contents co-localized. 
Overlap of QTLs for two traits might refl ect a pleiotropic 
eff ect of a single gene, or tight linkage of genes controlling 
the traits independently. Several reports mention that there 
is not a strict relationship between protein quality and endo-
sperm texture (Moro et al., 1995). Nonetheless, a general 
negative correlation between increased endosperm modi-
fi cation (more vitreous and less opaque) and protein qual-
ity would create the requirement for simultaneous selection 
for texture and amino acid contents in the development of 
the QPMs (Bjarnason and Vasal, 1992; Gutierrez-Rojas et 
al., 2008). We observed that QTLs explaining variation for 
endosperm texture and amino acid (lysine, tryptophan, and 
methionine) content did not overlap along the genetic map 
(Fig. 1). Nevertheless, it is noteworthy that a cluster that 
contains QTLs for the three amino acids and a cluster that 
contains QTLs for the three endosperm texture traits are 
in close proximity on chromosome 8 (Fig. 1). Some endo-
sperm-related genes located in this genomic regions are the 
b32 ribosome inactivating protein (b32/RiP) (bin 8.03), glycer-
aldehyde-3-phosphate dehydrogenase1 (gpa1) (bin 8.03), Proline 
Responding 1 (Pro1) or Opaque-6 (O6) (bin 8.04), Floury-3 
(Fl3) (bin 8.04), pyruvate orthophosphate dikinase-2 (ppdk2) 
(bin 8.04), and Opaque-16 (O16) (bin 8.05). The two QTL 
clusters that were well defi ned by MIM analysis appear to 
be on diff erent arms of chromosome 8 and are linked in 
repulsion. The recombination fraction between the closest 
markers to the QTL peaks, bnlg1863 and umc1562, is r = 
0.276. This observation might have breeding implications 
because selection for the favorable allele controlling endo-
sperm texture could drag the unfavorable allele for amino 
acid content and reduce the amount of lysine, tryptophan, 
and methionine by at least 10%. Additional studies would 
be needed to establish the prevalence of this linkage drag 
eff ect in other populations.
The information generated here can readily be uti-
lized to develop a modifi ed B73o2 line carrying the most 
important favorable QTL alleles derived from CML161 
(i.e., texture QTLs 3S, 3L, 5L, and 8L) and retain the 
favorable QTL alleles derived from B73o2 (texture QTL 
6L and amino acid QTLs 7L and 8S). By using SSR mark-
ers fl anking the QTL regions as markers for selection, 
maize breeders would ensure the selection of the favor-
able QTLs and decrease the risk of linkage drag that can 
diminish its nutritional value.
To our knowledge, this is the fi rst time that both endo-
sperm texture and amino acid contents have been exhaus-
tively evaluated in a multienvironment experiment with a 
population derived from crossing o2 and QPM materials. 
Despite the fact that QTLs identifi ed here do not co-locate 
with those identifi ed in previous studies and therefore did 
not provide clear consensus regions for the location of mod-
ifi ers for the gene O2, we are confi dent that the complex-
ity of the endosperm modifi cation can be unveiled with 
additional studies. A following step of this work could be 
the development of near isogenic lines (NILs) using an 
o2 genotype (i.e., B73o2) as recurrent parent with QPM 
CML161 donor alleles to establish the eff ects of the indi-
vidual QTLs for endosperm texture on chromosomes 3S, 
3L, 5L, and 8L. A similar approach can be used to establish 
the eff ects of the QTL cluster on 6L using B73o2 as the 
donor parent. The development of NILs will contribute to 
improved resolution of the QTL regions and facilitate the 
identifi cation of candidate genes by fi ne-mapping. More-
over, results of a complementary expression QTL (eQTL) 
mapping study to analyze genetic control of mRNA abun-
dance of endosperm transcripts (e.g., zein genes, enzymes 
in the starch biosynthesis, elongation factor 1A, etc.) suggest 
a role for diff erential regulation of some endosperm genes 
in the modifi cation of o2 endosperm (A. Gutierrez-Rojas, 
J. Betrán, C. Cruz-Vela, and M. Menz, unpublished results, 
2008). In addition, by developing new mapping popula-
tions or by ongoing multipopulation studies, such as the 
Nested Association Mapping experiment (Buckler, 2006), 
it would be possible to test the prevalence of the eff ects of 
these genomic regions on the amino acid composition and 
endosperm structure of diff erent genetic backgrounds.
CONCLUSIONS
After the enthusiasm in the late 1960s and early 1970s for 
the use of the o2 alleles in breeding programs, there was a 
general disappointment when the undesirable traits asso-
ciated with the mutation were identifi ed. However, the 
discovery of the eff ect of the o2 in protein quality spurred 
research on the biochemistry, physiology, microstructure, 
and genetics of endosperm of maize and other crops like 
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sorghum [Sorghum bicolor (L.) Moench], rice (Oryza sativa 
L.), and wheat (Triticum aestivum L.). The development of 
the QPMs has demonstrated that a positive response to 
selection can be obtained for both endosperm texture and 
amino acid contents with simultaneous selection schemes. 
We have detected QTL regions for both endosperm 
modifi cations and essential amino acid contents. Accu-
mulated evidence suggests that modifi cation of the endo-
sperm in o2 maize is complex with several genetic factors 
playing roles in both endosperm texture and amino acid 
content, with the genetic background being one of the 
most important variables contributing to the variation 
observed so far. The broader applicability of this accumu-
lating knowledge to plant breeding programs depends on 
enhanced understanding of the phenotypes resulting from 
the interaction between the Opaque2 gene and diff erent 
genetic backgrounds.
Acknowledgments
This work was supported by a grant from the Texas Agricultural 
Experimental Station-TAES to J.B. and M.M. A.G. received 
support from the Pioneer Hi-Bred International Scholarship. 
H.A. received support from the Ford Foundation Scholar-
ship. We gratefully acknowledge the assistance of Cristina 
Cruz, Merinda Struthers, and Kerry Mayfi eld. We also extend 
thanks to three anonymous reviewers for helpful suggestions for 
improving this manuscript.
References
Azevedo, R.A., M. Lancien, and P.J. Lea. 2006. The aspartic 
acid metabolic pathway, an exciting and essential pathway in 
plants. Amino Acids 30:143–162.
Babu, R., S.K. Nair, A. Kumar, S. Venkatesh, J.C. Sekhar, N.N. Singh, 
G. Srinivasan, and H.S. Gupta. 2005. Two-generation marker-
aided backcrossing for rapid conversion of normal maize lines to 
quality protein maize (QPM). Theor. Appl. Genet. 111:888–897.
Bantte, K., and B.M. Prasanna. 2004. Endosperm protein quality 
and kernel modifi cation in the quality protein maize inbred 
lines. J. Plant Biochem. Biotechnol. 13:57–60.
Bass, H.W., C. Webster, G.R. Obrian, J.K.M. Roberts, and R.S. Bos-
ton. 1992. A Maize ribosome-inactivating protein is controlled 
by the transcriptional activator Opaque-2. Plant Cell 4:225–234.
Beavis, W.D. 1998. QTL analyses: Power, precision, and accu-
racy. p. 145–162. In A.H. Paterson (ed.) Molecular dissection 
of complex traits. CRC Press, New York.
Belousov, A.A. 1987. Genetic analysis of modifi ed endosperm tex-
ture in opaque-2 maize. (In Russian, with English abstract.) 
Genetika 23:677–685.
Bhatnagar, S., F.J. Betran, and D.K. Transue. 2003. Agronomic 
performance, afl atoxin accumulation and protein quality 
of subtropical and tropical QPM hybrids in southern US. 
Maydica 48:113–124.
Bjarnason, M., and S.K. Vasal. 1992. Breeding of Quality Protein 
Maize (QPM). p. 181–216. In J. Janick (ed.) Plant Breed. Rev. 
Vol. 9. John Wiley & Sons, New York.
Bothast, R.J., and M.A. Schlicher. 2005. Biotechnological pro-
cesses for conversion of corn into ethanol. Appl. Microbiol. 
Biotechnol. 67:19–25.
Buckler, E. 2006. Large scale genotyping and association studies. 
p. 63. In Proc. ASA-CSSA-SSSA Int. Annu. Meet., India-
napolis, IN. 12–16 Nov. 2006.
Burnett, R.J., and B.A. Larkins. 1999. Opaque2 modifi ers alter 
transcription of the 27-kDa gamma-zein genes in maize. Mol. 
Gen. Genet. 261:908–916.
Churchill, G.A., and R.W. Doerge. 1994. Empirical threshold val-
ues for quantitative trait mapping. Genetics 138:963–971.
Ciceri, P., S. Castelli, M. Lauria, B. Lazzari, A. Genga, L. Bernard, 
M. Sturaro, and A. Viotti. 2000. Specifi c combinations of zein 
genes and genetic backgrounds infl uence the transcription of 
the heavy-chain zein genes in maize opaque-2 endosperms. 
Plant Physiol. 124:451–460.
Coleman, C.E., J.M. Dannenhoff er, and B.A. Larkins. 1997. The 
prolamin proteins of maize, sorghum and coix. p. 257–288. In 
B.A. Larkins and I.K. Vasil (ed.) Cellular and molecular biol-
ogy of plant seed development. Kluwer Academic, Dordrecht.
Corona, L., F.N. Owens, and R.A. Zinn. 2006. Impact of corn 
vitreousness and processing on site and extent of digestion by 
feedlot cattle. J. Anim. Sci. 84:3020–3031.
Costa, L.M., J.F. Gutierrez-Marcos, and H.G. Dickinson. 2004. 
More than a yolk: The short life and complex times of the 
plant endosperm. Trends Plant Sci. 9:507–514.
Cruz-Vela, C., A. Gutierrez-Rojas, L. Caulk, J. Betran, and M. 
Menz. 2007. Molecular characterization of an opaque-2 mutant 
allele in maize (Zea mays L.). p. 190. In Proc. Plant and Animal 
Genome, XV, San Diego, CA. 13–17 Jan. 2007.
Dannenhoff er, J.M., D.E. Bostwick, E. Or, and B.A. Larkins. 1995. 
Opaque-15, a maize mutation with properties of a defective 
opaque-2 modifi er. Proc. Natl. Acad. Sci. USA 92:1931–1935.
Gibbon, B.C., X.L. Wang, and B.A. Larkins. 2003. Altered starch 
structure is associated with endosperm modifi cation in Quality 
Protein Maize. Proc. Natl. Acad. Sci. USA 100:15329–15334.
Glover, D.V., and E.T. Mertz. 1987. Corn. p. 183–336. In R.A. Olson 
and K.J. Frey (ed.) Nutritional quality of cereal grains: Genetic 
and agronomic improvement. ASA, CSSA, SSSA, Madison, WI.
Gutierrez-Rojas, A., M.P. Scott, O.R. Leyva, M. Menz, and J. Betrán. 
2008. Phenotypic characterization of Quality Protein Maize 
endosperm modifi cation and amino acid contents in a segregat-
ing recombinant inbred population. Crop Sci. 48:1714–1722.
Holding, D., B. Hunter, T. Chung, B. Gibbon, C. Ford, A. Bharti, 
J. Messing, B. Hamaker, and B. Larkins. 2008. Genetic analy-
sis of opaque2 modifi er loci in quality protein maize. Theor. 
Appl. Genet. 117:157–170.
Huang, S.S., W.R. Adams, Q. Zhou, K.P. Malloy, D.A. Voyles, 
J. Anthony, A.L. Kriz, and M.H. Luethy. 2004. Improving 
nutritional quality of maize proteins by expressing sense and 
antisense zein genes. J. Agric. Food Chem. 52:1958–1964.
Knapp, S.J., and W.C. Bridges. 1990. Using molecular markers 
to estimate quantitative trait locus parameters—Power and 
genetic variances for unreplicated and replicated progeny. 
Genetics 126:769–777.
Lambert, R.J., D.E. Alexander, and J.W. Dudley. 1969. Relative 
performance of normal and modifi ed protein (opaque-2) maize 
hybrids. Crop Sci. 9:242–243.
Lawrence, C.J., M.L. Schaeff er, T.E. Seigfried, D.A. Camp-
bell, and L.C. Harper. 2007. MaizeGDB’s new data types, 
resources and activities. Nucleic Acids Res. 35:D895–D900.
Lee, M., N. Sharopova, W.D. Beavis, D. Grant, M. Katt, D. Blair, 
and A. Hallauer. 2002. Expanding the genetic map of maize 
with the intermated B73 × Mo17 (IBM) population. Plant 
Mol. Biol. 48:453–461.
CROP SCIENCE, VOL. 50, MAY–JUNE 2010  WWW.CROPS.ORG 879
Lending, C.R., and B.A. Larkins. 1989. Changes in the zein com-
position of protein bodies during maize endosperm develop-
ment. Plant Cell 1:1011–1023.
Leyva-Ovalle, O.R., A. Carballo, J.A. Mejia, and M.G. Vazquez. 2002. 
Digital image processing for endosperm texture estimation in 
maize lines. (In Spanish.) Rev. Fitotecnia Mexicana 25:355–365.
Lopes, M.A., and B.A. Larkins. 1995. Genetic analysis of opaque2 
modifi er gene activity in maize endosperm. Theor. Appl. 
Genet. 91:274–281.
Lopes, M.A., K. Takasaki, D.E. Bostwick, T. Helentjaris, and 
B.A. Larkins. 1995. Identifi cation of 2 opaque2 modifi er loci 
in quality protein maize. Mol. Gen. Genet. 247:603–613.
Maddaloni, M., G. Donini, C. Balconi, E. Rizzi, P. Gallusci, F. 
Forlani, S. Lohmer, R. Thompson, F. Salamini, and M. Motto. 
1996. The transcriptional activator Opaque-2 controls the 
expression of a cytosolic form of pyruvate orthophosphate diki-
nase-1 in maize endosperms. Mol. Gen. Genet. 250:647–654.
Mazur, B., E. Krebbers, and S. Tingey. 1999. Gene discovery and prod-
uct development for grain quality traits. Science 285:372–375.
Melchinger, A.E., H.F. Utz, and C.C. Schon. 1998. Quantitative trait 
locus (QTL) mapping using diff erent testers and independent 
population samples in maize reveals low power of QTL detection 
and large bias in estimates of QTL eff ects. Genetics 149:383–403.
Mertz, E.T., O.E. Nelson, and L.S. Bates. 1964. Mutant gene that 
changes protein composition and increases lysine content of 
maize endosperm. Science 145:279–280.
Moro, G.L., M.A. Lopes, J.E. Habben, B.R. Hamaker, and B.A. 
Larkins. 1995. Phenotypic eff ects of opaque2 modifi er genes 
in normal maize endosperm. Cereal Chem. 72:94–99.
Ortega, E.I., and L.S. Bates. 1983. Biochemical and agronomic 
studies of 2 modifi ed hard endosperm opaque-2 maize (Zea 
mays L.) populations. Cereal Chem. 60:107–111.
Paulsen, M.R., and L.D. Hill. 1985. Corn quality factors aff ect-
ing dry milling performance. J. Agric. Eng. Res. 31:255–263.
Pixley, K.V., and M.S. Bjarnason. 2002. Stability of grain yield, 
endosperm modifi cation, and protein quality of hybrid and 
open-pollinated quality protein maize (QPM) cultivars. Crop 
Sci. 42:1882–1890.
Prioul, J.-L., V. Méchin, and C. Damerval. 2008. Molecular and 
biochemical mechanisms in maize endosperm development: 
The role of pyruvate-Pi-dikinase and Opaque-2 in the con-
trol of C/N ratio. C. R. Biol. 331:772–779.
Radwanski, E.R., and R.L. Last. 1995. Tryptophan biosynthesis 
and metabolism: Biochemical and molecular genetics. Plant 
Cell 7:921–934.
Robutti, J.L., R.C. Hoseney, and C.W. Deyoe. 1974. Modifi ed 
opaque-2 corn endosperms.1. Protein distribution and amino 
acid composition. Cereal Chem. 51:163–172.
SAS Institute. 2003. Version 9.1.3. SAS Inst., Cary, NC.
SAS Institute. 2007. JMP. Version 7. SAS Inst., Cary, NC.
Schaeff er, M.L., H. Sanchez-Villeda, M. McMullen, and E.H. 
Coe. 2006. IBM2 2005 neighbors: 45,000 locus resource for 
maize. p. 372. In Plant and Animal Genome Conf., XIV, San 
Diego, CA. 14–18 Jan. 2006.
Schmidt, R.J., F.A. Burr, M.J. Aukerman, and B. Burr. 1990. 
Maize regulatory gene Opaque-2 encodes a protein with a 
leucine-zipper motif that binds to DNA. Proc. Natl. Acad. 
Sci. USA 87:46–50.
Scott, M.P., S. Bhatnagar, and J. Betran. 2004. Tryptophan and 
methionine levels in quality protein maize breeding germ-
plasm. Maydica 49:303–311.
Vasal, S.K. 1971. CIMMYT’s quality protein program. p. 83–95. 
In Proc. Int. Maize Workshop. CIMMYT, Mexico.
Vasal, S.K. 2000. The quality protein maize story. Food Nutr. 
Bull. 21:445–450.
Vasal, S.K., E. Villegas, M. Bjarnason, B. Gelaw, and P. Goertz. 
1980. Genetic modifi ers and breeding strategies in develop-
ing hard endosperm opaque-2 materials. p. 37–71. In W.G. 
Pollmer and R.H. Phipps (ed.) Improvement of quality traits 
of maize for grain and silage use. Nijhoff , The Hague.
Vyn, T.J., and M. Tollenaar. 1998. Changes in chemical and physi-
cal quality parameters of maize grain during three decades of 
yield improvement. Field Crops Res. 59:135–140.
Wang, X., J.A. Lopez-Valenzuela, B.C. Gibbon, B. Gakiere, G. Galili, 
and B.A. Larkins. 2007. Characterization of monofunctional 
aspartate kinase genes in maize and their relationship with free 
amino acid content in the endosperm. J. Exp. Bot. 58:2653–2660.
Wang, X.L., and B.A. Larkins. 2001. Genetic analysis of amino 
acid accumulation in opaque-2 maize endosperm. Plant 
Physiol. 125:1766–1777.
Wessel-Beaver, L., and R.J. Lambert. 1982. Genetic control of modifi ed 
endosperm texture in opaque-2 maize. Crop Sci. 22:1095–1098.
Wilcox, D.S., B.W. Dove, D. McDavid, and D.B. Greer. 2002. 
UTHSCSA ImageTool. Version 3.0. Univ. of Texas Health 
Sci. Ctr., San Antonio, TX.
